The dietary lectin phytohaemagglutinin (PHA) induces gut growth and precocious maturation in suckling rats after mucosal binding. The present study investigated the dose range in which PHA provokes gut maturation and if it coincided with immune activation. Suckling rats, aged 14 d, were orogastrically fed a single increasing dose of PHA: 0 (control), 2, 10, 50 or 250 mg/g body weight (BW) in saline. The effect on gut, lymphoid organs and appearance of CD3 þ (T-lymphocyte) and CD19 þ (B-lymphocyte) cells in the small-intestinal mucosa was studied at 12 h (acute) and 3 d (late phase) after treatment. The low PHA doses (2 and 10 mg/g BW) induced intestinal hyperplasia without mucosal disarrangement but did not provoke gut maturation. Only the high PHA doses (50 and 250 mg/g BW) temporarily disturbed the intestinal mucosa with villi shortening and decrease in disaccharidase activities, and later after 3 d provoked precocious maturation, resulting in an increase in maltase and sucrase activities and decrease in lactase activity and disappearance of the fetal vacuolated enterocytes in the distal small intestine. Exposure to the high, but not to the low, PHA doses increased the number of mucosal CD19 þ and CD3 þ cells in the small intestine after 12 h, a finding also observed in untreated weaned rats aged 21 -28 d. In conclusion, there was a dose-related effect of PHA on gastrointestinal growth and precocious maturation that coincided with a rapid expansion of mucosal B-and T-lymphocytes, indicating a possible involvement of the immune system in this process.
In mammalian species, postnatal maturation of the digestive tract is an important physiological event that allows the young to adapt at first to the intake of mother's milk and eventually to the change from milk to solid food. This ontogenetic process is characterised by rapid growth and vast structural and functional changes of the gastrointestinal (GI) tract, especially at weaning (1 -4) . In parallel with digestive development, a postnatal immunological adaptation to the new dietary and microbial environment also occurs (5, 6) . The gut-associated immune system is immature at birth and the intestine contains only small numbers of mucosal lamina propria and intra-epithelial lymphocytes, but their amount increases with age (6, 7) . In fact, it has been hypothesised that the physiological inflammation seen at weaning, with an increase in the number of immune cells and the subsequent epithelial crypt hyperplasia, is caused by the antigenic stimulation during this phase (8 -10) . In previous studies using suckling animals, precocious gut maturation was induced by enteral exposure to the lectin phytohaemagglutinin (PHA) obtained from red kidney beans (11 -14) . It was shown that the binding of PHA to the small-intestinal epithelium was followed by an early temporary mucosal disturbance with a rapid increase in crypt cell proliferation and later by the appearance of a more mature gut epithelium, characterised by adult-like mucosal disaccharidase activities, reduced macromolecular absorption capacity and loss of the vacuolated fetal-type enterocytes. Furthermore, PHA exposure stimulated pancreas growth and altered stomach function with increased hydrochloric acid secretion, changes that all normally occur during natural weaning. Based on these results, PHA has been suggested as a dietary inducer of maturation for young animals having an immature gut, for example, pre-weaning piglets, to accelerate the gut maturation and to reduce post-weaning problems (11, 15) , but the mechanism of the action of PHA, however, is still poorly understood.
Previous studies have indicated that PHA could act via several possible pathways. Thus, after binding, PHA might affect the enterocytes directly and thereby induce hyperplasic growth and maturation of the intestine through local effects. In addition, PHA may stimulate systemic effects mediated by the release of gut peptide hormones, such as cholecystokinin, which can affect pancreatic secretion and organ growth (16 -18) . An involvement of glucocorticoids has also been demonstrated, although the corticosteroid-dependent pathway was found to be only partially involved in PHAinduced gut maturation, since both enteral and parenteral administrations of PHA increased the plasma corticosteroid concentration similarly, but only the enteral exposure induced maturational changes (14) . An alternative mechanism of PHA action could be through the activation of the gut-associated immune system and mediated by release of cytokines and chemokines. In rats it has been demonstrated that growth of the small-intestinal epithelium during weaning was dependent on T-cell activation with an increase in the expression of IL-2 receptors by the gut-associated lymphoid tissue, and proinflammatory cytokines appear to be up-regulated at weaning in the small intestine (SI) of both rats and piglets (19, 20) . The aim of the present study was to investigate, in an animal model with a highly immature gut and immune system (the suckling rat model), the dose range in which PHA could provoke precocious GI maturation with minimal acute gut disruption. In addition, the possible involvement of the immune system in this was studied to better understand the mechanisms of PHA action. Thus, the effects on gut and lymphoid organ growth, small-intestinal function and morphology, and the appearance of CD3 þ and CD19 þ cells in the intestinal mucosa were studied after enteral exposure to a single increasing dose of PHA, at 12 h, during the acute phase, and after 3 d, when precocious gut maturation should be developed.
Materials and methods

Animal model
The study was performed on rats (Rattus norvegicus) of the Sprague-Dawley stock (Mol:SPRD Han; Taconic M & B A/S, Ry, Denmark), conventionally bred under a controlled environment (20^18C; 50^10 % relative humidity; 12 h-12 h light-dark cycle). Each dam with her litter was housed individually and with free access to tap water and a pelleted breeding chow (Rat and Mouse Autoclavable Diet; B&K Universal AB, Sollentuna, Sweden) dispensed from a lid feed hopper. The birth date of the pups was designated as day 0 and within 2 d after birth litter sizes were restricted to between ten and twelve pups. The study was approved by the Lund University Ethical Review Committee for Animal Experiments and conducted according to the European Community regulations concerning the protection of experimental animals.
Phytohaemagglutinin preparation
Red kidney bean (Phaseolus vulgaris) lectin, PHA, was purified by affinity chromatography on Ovomucoid-Sepharose-4B as principally described previously (18, 21) . In short, red kidney bean glycoproteins were extracted by acetic acid from finely ground kidney beans, concentrated by ultrafiltration and dialysed against 0·05 M-2-amino-2-hydroxymethyl-propane-1,3-diol (Tris)-HCl buffer (pH 7·6). This preparation was then applied to the affinity column and the unbound material was washed out with 0·05 M-Tris-HCl buffer (pH 8). Bound PHA was eluted with 0·05 M-glycine-HCl buffer (pH 3) containing 0·25 M-NaCl, dialysed against PBS (in decreasing concentrations from 0·005 to 0·0025 M; pH 7), and finally freeze-dried. Before use, the purified PHA was tested for its activity by haemagglutination.
Experimental procedures
At age 14 d, the pups were weighed and divided into five treatment groups in a split-litter mode. Two pups per litter (seven litters) were orogastrically fed a single dose of PHA dissolved in saline (0·9 % NaCl) using a Teflon feeding tube (0·96 mm outer diameter; PE50; Becton Dickinson, Sparks, MD, USA) in a volume of 0·01 ml/g body weight (BW). The PHA doses were: 0 (control), 2, 10, 50 and 250 mg/g BW.
In each litter half of the pups were euthanised at either 12 or 72 h after the PHA administration. Before dissection the pups were separated from their dam (# 1 h) and anaesthetised by a subcutaneous injection of a mixture of azaperone (Stresnil w ; Janssen Pharmaceutica, Beerse, Belgium) (30 mg/g BW) and ketamine (Ketalar w ; Pfizer, New York, NY, USA) (170 mg/g BW). After opening the abdomen and thorax, the rats were euthanised by bleeding following heart puncture. The entire pancreas was then dissected out and weighed. The SI, from the pylorus to the ileo-caecal junction, was removed and placed on a non-absorbent surface, taking care not to stretch it, and the length was measured. The SI was then divided into a proximal and distal half and the content was flushed out with 1 ml ice-cold saline, then the portions were weighed, immediately frozen and stored at 2 708C until analysis. The stomach was dissected, opened and rinsed in ice-cold saline before being weighed. The stomach content was kept on ice for pH measurements. Finally, the spleen, liver and thymus were dissected out and weighed.
For histology, intestinal samples, 1 cm long, were taken from the mid part of both the proximal and distal SI portions during the dissection. In addition, for comparison with natural development, histological samples from the same regions of the SI were taken from untreated weaned rats, aged 21 and 28 d, respectively. All intestinal samples were immediately fixed in Bouin's solution for 24 h and then stored in 70 % ethanol until further processing.
Measurements
Histology. The fixed intestinal samples were embedded into paraffin, cut laterally into 5 mm thick sections and stained with haematoxylin and eosin according to standard procedures. Morphometric parameters, such as villus height and crypt depth, in eight to ten repetitions per sample, were measured in both the proximal and distal SI.
For immunohistochemical analysis of the mucosal immune cells, the histological sections were deparaffinised, blocked for endogenous peroxidase activity in PBS (pH 7·2) containing 1 % H 2 O 2 and incubated overnight at þ48C with goat polyclonal antibodies against CD19 (diluted 1:100; sc8499; Santa Cruz Biotechnology, Santa Cruz, CA, USA), as a B-cell marker, or rabbit polyclonal anti-CD31 (diluted 1:2000; C7930; Sigma Chemicals, St Louis, MO, USA), as a T-cell marker. The next day, the sections were incubated with secondary antigoat or anti-rabbit horseradish peroxidase-conjugated antibodies (DAKO A/S, Glostrup, Denmark), respectively, for 2 h at room temperature. To visualise the conjugated peroxidase activity, 0·05 % 3,3-diaminobenzidine tetrahydrochloride (Sigma Chemicals) was used as the substrate. Thereafter, the sections were counter-stained with haematoxylin, dehydrated and mounted under cover slips. Three independent fields of stained tissue per sample were imaged by using an Olympus PROVIS microscope (objective £ 20) equipped with an Olympus DP50 camera (Olympus, Tokyo, Japan). In order to investigate the localisation and to quantify, by counting the numbers of CD19 þ and CD3 þ cells/mm 2 of mucosal area of the laterally cut sections from the proximal and distal portions of the SI, the ImageJ 1.36 program (National Institutes of Health, Bethesda, MD, USA) was used.
As a positive control to confirm the staining intensity of the primary antibodies, spleen sections were used. To exclude unspecific binding of the secondary horseradish peroxidaseconjugated antibodies, the respective primary antibodies were replaced by 1 % bovine serum albumin and standard procedures were followed.
Intestinal enzymology. The portions of the SI were homogenised in ice-cold 0·9 % NaCl (1:10, w/v) using a glass homogeniser. The disaccharidase activities, lactase, maltase and sucrase, were measured by incubating the homogenates with the appropriate disaccharide for 1 h at 378C, after which the liberated glucose was measured using a glucose oxidase reagent (Sigma Chemicals), in accordance with the Dahlqvist assay (22) . In parallel, the total protein content in the intestinal homogenates was determined by the Lowry method (23) , modified for ninety-six-well microplates (24) and using purified bovine serum albumin (Sigma Chemicals) as the standard. The disaccharidase activities were recalculated per mg total protein.
Stomach pH. After adding 1 ml 0·9 % NaCl to the stomach contents, mixing and centrifugation at 3000 g for 15 min, the pH was measured in the supernatant fraction.
Calculations and statistics
In order to compensate for individual variations in BW, the organ measurements are presented per g BW. All data are presented as mean values and standard deviations. Statistical comparisons between all groups at either 12 or 72 h after PHA treatment were carried out using a one-way ANOVA analysis (SigmaStat 2.0; Jandel Scientific, San Rafael, CA, USA) with all pairwise multiple-comparison procedures (Student -Newman-Keuls method). When the normality or equal variance test failed, Kruskal -Wallis one-way ANOVA on ranks with Dunn's pairwise multiple-comparison method was used. Differences were considered to be significant when P, 0·05.
Results
Orogastric feeding of the different doses of PHA had no effect on the BW of the treated rats as compared with that of the time-matched controls (Table 1 ). Visual observations of the pups indicated that there had been some occurrence of diarrhoea during the first 2-6 h after treatment with the high PHA doses (50 and 250 mg/g BW).
Effect on the gastrointestinal tract
At 12 h (acute phase) after PHA administration, little or no effects were seen on the gut organ weights, except after the highest dose of PHA (250 mg/g BW), which led to a reduction in the liver weight. In addition, this dose had a lowering effect on the pH of the stomach contents. At 72 h (late phase) after PHA exposure at the high doses (50 and 250 mg/g BW), both the pancreas and liver weights showed an increase, while the pH of the stomach contents decreased (Table 1) .
During the acute phase, exposure to PHA at 50 and 250 mg/g BW shortened the small-intestinal villi in both the proximal and distal SI regions (Table 2) . Moreover, the crypt depth increased in both regions of the SI after all PHA doses. Later at 72 h, the SI length and the weight of the proximal SI were increased in the groups given PHA at 50 and 250 mg/g BW. In addition, the crypt depth was greater in both the proximal and distal SI of these groups. It was noteworthy that the villus height showed an increase in the distal SI in the groups given PHA at 2 and 10 mg/g BW, while it was decreased at the highest PHA dose in comparison with that of the controls.
At 72 h post-treatment, the haematoxylin and eosin-stained section from the distal SI of the control group and the groups fed PHA at 2 and 10 mg/g BW showed enterocytes containing supranuclear vacuoles (fetal-type) along the entire villi length (Fig. 1 (A) ). In the groups given PHA at 50 and 250 mg/g BW these fetal-type enterocytes were replaced from the base of the villi by adult-like cells lacking supranuclear vacuoles, reaching approximately three-quarters of the length of the villi in the group fed PHA at 50 mg/g BW, and almost the entire length of the villi in the group given PHA at 250 mg/g BW (Figs. 1 (B) and (C)). At 12 h after PHA treatment in the groups fed PHA at 50 and 250 mg/g BW, the lactase and maltase activities were decreased along the entire SI, as compared with their timematched groups (Fig. 2) . In general, the sucrase activity was very low at this age. At 72 h post-treatment, the lactase activity was restored to the control levels except for that in the treatment group given PHA at 250mg/g BW, where it showed a decrease in both SI regions. At the same time, in the groups fed PHA at 50 and 250 mg/g BW, there was a noticeable increase in the maltase and sucrase activities in both regions of the SI.
Effect on lymphoid organs and intestinal immune cells
Initially, at 12 h after treatment, PHA had no significant effect on the thymus weight, but at 72 h the thymus weight showed a reduction in the group given PHA at 250 mg/g BW (Table 1) . Moreover, in the 250 mg/g BW treatment group, the spleen weight was decreased at both 12 and 72 h post-treatment, in comparison with that of their time-matched groups.
The immunohistological studies showed that there was an age-dependent increase in the number of both CD19 þ and CD3 þ cells in the intestinal mucosa of normal, 21-and 28-d-old weaned rats as compared with that in the younger suckling, 14·5-or 17-d-old control rats (Fig. 3) . After enteral administration, in the groups treated with PHA at 50 and 250 mg/g BW, an increase in the number of both CD19 þ and CD3 þ cells in the intestinal mucosa was observed at both 12 and 72 h post-treatment in comparison with the age-matched groups. In the controls and low PHA dose exposure groups, the CD19 þ and CD3 þ cells were located in the crypt region as well as in the lamina propria in the upper part of villi in the proximal SI, while in the distal part of the SI they were mainly found in the crypt and lower villi zone. In contrast, in the groups given PHA at 50 and 250 mg/g BW, these were found along the entire villi (Fig. 4) .
Discussion
The present study showed that a single orogastric administration of PHA to suckling rats aged 14 d resulted in doserelated effects on the GI tract. The low doses of PHA did not result in any apparent disturbances of the GI tract during the acute phase, nor did it provoke gut precocious maturation later on, at 3 d; however, it did induce intestinal hyperplasia. Treatment with higher doses of PHA initially caused a mucosal disarrangement that temporarily affected the gut function coupled to growth stimulation and precocious maturation after 3 d. These later effects on the gut, provoked by the higher PHA doses, were correlated with an increase in the density of T-(CD3 þ ) and B-(CD19 þ ) lymphocytes in the small-intestinal mucosa, possibly indicating an involvement of the immune system in the PHA-induced precocious maturation of the gut.
The acute effects of phytohaemagglutinin treatment
The results obtained after exposure to the high PHA doses confirmed those of a previous study showing a temporary disturbance of the rat's intestinal mucosa after exposure, manifested by reduction in the weight of the SI, shortening of the villi and a decrease in the intestinal brush-border lactase and maltase activities (13) . Besides the shortening of the intestinal villi there was possibly a cell loss and also probably a disarrangement of the microvilli of the remanding enterocytes (25) , explaining the decrease in the disaccharidase activities.
The acute effects of PHA at 12 h appeared after direct binding of PHA to the gut epithelium (13) . The intestinal crypt hyperplasia, which was observed to be independent of the PHA dose, could be stimulated via a direct PHA signal, for instance, activating mitogen-activated protein kinase in the enterocytes. The mitogen-activated protein kinase cascade, required for cell differentiation and growth, has been shown to be activated in both human and rodent intestinal cell-lines after exposure to different doses of PHA (26) . In the stomach, exposure to PHA might affect the parietal cells also through direct binding (27) , resulting in increased HCl secretion and subsequent decrease in luminal pH as observed in the stomach contents. In a corresponding manner, PHA could also stimulate gastrin-secreting and/or enterochromaffin-like cells, affecting the HCl secretion in the stomach. The stomach contents with decreased pH passing into the duodenum could then stimulate the release of secretin and thereby stimulate pancreatic exocrine function. Moreover, a,b,c Mean values for 12 h after treatment with unlike letters were significantly different (P, 0·05).
x,y,z Mean values for 72 h after treatment with unlike letters were significantly different (P, 0·05).
direct PHA-binding to the intestinal cells, including the enteroendocrine cells, could result in a release of GI hormones, stimulating the pancreas via a cholecystokinin-dependent pathway (16 -18) . Upon exposure to PHA, especially at high doses, it was observed that the lectin affected the lymphoid tissue, and the reduction in spleen weight indicated that it could be a mobilisation of immune cells from the spleen to, possibly, the intestine. The increased density of T-and B-marked cells in the intestinal mucosa by 12 h after treatment demonstrates that there had been a rapid expansion of mucosal immune cells, well before any maturational changes in the GI tract could be observed. These results indicate that the acute effects of PHA on the gut might be linked to the activation of the immune system.
The late effects of phytohaemagglutinin treatment
At 3 d after administration, when PHA-binding in the GI tract had subsided or disappeared (13, 28) , a prominent dose-dependent effect was observed with respect to growth and precocious functional development of the GI tract in the suckling rats. While the low doses of PHA did not lead to any gut maturation, they still stimulated intestinal growth, as shown by villus hyperplasia, which agreed with a previous study that showed increased crypt cell proliferation after a single orogastric feeding of PHA (13) . Thus, all PHA doses appeared to have a proliferative effect, while only high PHA doses could provoke functional maturation, here shown by a change in the intestinal enterocyte features, i.e. from a fetal phenotype with lactase as a predominant disaccharidase and with enterocytes containing large supranuclear vacuoles, to an adult phenotype with higher maltase and sucrase activities and lacking the supranuclear vacuoles in the distal region of the SI (1 -4) . The decreased pH in the stomach contents and stimulation of the accessory glands of the GI tract, for example, pancreas and liver growth, observed after highdose PHA treatment also agreed with functional maturation (13, 14) . The liver-weight increase could be explained, possibly, by an activation and synthesis of acute-phase proteins, for example, haptoglobin or C-reactive protein, which indicate activation of the immune system (29) . Also, the lymphoid organs, both the thymus and spleen, were affected by the higher doses of PHA (30, 31) . The reduction in thymus weight could be explained by a possible mobilisation and migration of T-lymphocytes from this organ, while the decreased spleen weight observed after treatment with PHA at 250 mg/g BW might be due to either mobilisation of immune cells from this organ or to a redistribution of blood cells due to the treatment.
In addition, the increased numbers of T-and B-markerexpressing cells in small-intestinal mucosa indicate an association between the activation of the immune system and the induced precocious maturation of the GI tract after PHA exposure. These findings paralleled the present results obtained from the untreated rats, which showed an increase in the numbers of intestinal mucosal T-and B-cells during natural weaning, and agreed with other studies demonstrating an involvement of the immune system in gut growth and development (9, 10, 32) . Studies in vitro have shown an involvement of activated T-cells in epithelial proliferation and crypt hyperplasia in human fetal SI cells (33) . Moreover, by using cyclosporine A as an immunosuppressant in vivo, it has been shown that a reduction in T-cell activity led to a decrease in intestinal growth, including crypt proliferation and the villus area, and signs of delayed gut maturation in weaning rats (32) . However, in hypothymic nude rats, the activation of T-cells and intestinal development during weaning is similar to that of normal euthymic rats (34) , indicating the importance of extrathymic intestinal T-cell development, especially for intra-epithelial lymphocytes (35, 36) . The role of B-cells in rat intestinal maturation is unknown; nevertheless, their organogenic function has been shown with respect to the development of Peyer's patches and M-cells (37) . In the present study, the observed rapid expansion of immune cells in the small-intestinal mucosa, before later gut development, indicated that PHA-induced gut maturation may be influenced by immune factors. It could be speculated that PHA bound to the immature small-intestinal epithelium could affect the secretion of growth factors, for example, transforming growth factor-a and/or cytokines, for example, IL-2, IL-1b and IL-6 and TNF-a, that stimulate the immune cell recruitment and activation, which in turn could be involved in stimulating GI tract growth and especially development (9, 19, 20, 38) . In fact, the involvement of cytokines has been demonstrated in precocious spermin-induced maturation of the SI in suckling rats (39, 40) . However, the possible role of the immune system in PHA-induced gut maturation needs to be further studied.
In conclusion, enteral exposure to single doses of PHA had a dose-related effect on the GI tract in suckling rats. Low dosages of PHA acted as a stimulator of hyperplasic intestinal epithelial growth, while higher doses of PHA also caused transient epithelial disturbances and an expansion of immune cells in the intestinal mucosa followed by maturational changes of the GI tract. These findings contribute to increase the understanding of the mechanisms involved in diet-induced precocious gut maturation and suggest a possible role of the immune system in this process. The results obtained on suckling rats, here used as a model for mammals born with an immature gut, also show that dietary manipulation with lectins or other substances causing a mild insult in the gut might be used as a treatment to induce gut maturation with improved function. 
